We study dynamical supersymmetry breaking in supersymmetric QCD theories for N f < N c . We consider a model with a singlet chiral superfield coupled to the infrared meson chiral superfield through a classical superpotential. We examine the vacuum structure of this model and show that in the large N c limit, apart from a supersymmetric vacuum, it also has a meta-stable vacuum dynamically breaking the supersymmetry. We show that this vacuum can be made long lived, located far away from the supersymmetric one.
Introduction
Supersymmetric quantum field theories have provided us with some useful toy models in which one can track the strong coupling dynamics of phenomena like quark confinement, chiral symmetry breaking, and the mass gap. Moreover, they are promising candidates to replace the standard model of particle physics. The minimal supersymmetric standard model (MSSM) is a theory which minimally embeds supersymmetry in the standard model.
Although MSSM can address the hierarchy problem, improve the flow of the running coupling constants so that they all meet at one high energy scale point, and provide particle candidates for the dark matter, it is not yet quite clear how to consistently handle the problem of supersymmetry breaking in this model. A hierarchy of energy scales can be naturally achieved through a dynamical supersymmetry breaking. In SQCD theories, for instance, this is triggered by the generation of nonperturbative superpotentials [1, 2, 3] . In fact, depending on the number of colors, N c , and the number of the flavours, N f , one gets different nonperturbative superpotentials. Therefore, in principle, it is natural to think of models which classically have supersymmetric vacuum but at the quantum level a nonprturbative superpotential is generated resulting to a nonsupersymmetric vacuum. Constructing a realistic model of this kind, however, turns out to be difficult and, in fact, they are nongeneric. For N c = N f , there are some interesting models for which F-flatness conditions are in conflict with the dynamical constraint on the quantum vacuum moduli space, and hence supersymmetry is dynamically broken [4, 5] . This example, however, is non-calculable, in the sense that the vacuum is not in the weakly coupled region.
The idea of having a long lived meta-stable vacuum instead of a nonsupersymmetric absolute minimum opened a new avenue in constructing phenomenologically viable models of dynamical supersymmetry breaking [6, 7] . Meta-stable vacua are easier to construct and appear in more generic models. Seiberg et al, in [6] proposed a SQCD model with N c < N f < 3/2N c which instead of having a stable nonsupersymmetric vacuum has a meta-stable vacuum. They showed that by a suitable adjustment of the parameters of the model this vacuum can be made long lived.
In this paper, we study SQCD with N f < N c deformed by a singlet chiral superfield. The singlets are coupled to the low energy meson chiral superfields through a classical superpotential. We examine the vacuum moduli space and observe that, apart from supersymmetric solution, there are also nonsupersymmetric solutions. The spectrum of small fluctuations around this solution, however, exhibits a tachyonic mode. We show that this mode can be removed by going to a particular limit in the parameter space. At the same time, to keep the meta-stable vacuum from running into infinity, we take N c (with N f = N c − 1) to be large. 3 We show that it is possible to keep the meta-stable vacuum in the weakly coupled region of field space, and very far from the supersymmetric one. Consequently, the meta-stable vacuum can be made long lived.
The organization of this paper is as follows. In the next section, we introduce the model and discuss its vacuum structure. We observe that the model, in addition to supersymmetric vacua, admits nonsupersymmetric extrema. In section 3, we work out the mass spectrum around this solution, and discuss its classical stability. In section 4, we examine the one-loop corrected Coleman-Weinberg potential, and discuss the zero-modes around the maximally symmetric meta-stable vacuum. Conclusions and outlook are brought in section 5.
The model
Supersymmetric QCD has a dynamical mass scale Λ below which the coupling constant becomes strong so that N f quark chiral superfields φ a . 4 These mesons constitute the low energy degrees of freedom of the theory. Nonrenormalization theorems forbid any perturbative quantum corrections to the superpotential. However, nonperturbatively a superpotential is generated [1] . For N f < N c , it reads
With no classical superpotential, the model will only have supersymmetric runaway vacua at infinity. To modify the vacuum structure and get some possible meta-stable vacua, we introduce singlet (under the gauge group SU(N c )) chiral superfields S ij which couple to the low energy meson fields M ij through the following superpotential
with i, j, . . . = 1, 2, . . . , N f . Taking the nonperturbative superpotential into account, the superpotential for N f < N c becomes:
Let us now discuss the vacuum structure of this model. First we need to compute the F-terms
as for S ij we get
If we set the F-terms to zero, we get the supersymmetric vacuum:
and,
For a maximally symmetric vacuum solution, we have
Moreover, if we set m ij = m δ ij , F-term equation (6) for a supersymmetric solution reduces to
whereas, (7) becomes
Next, we want to examine whether there are nonsupersymmetric vacua. The potential is
For the minima we derive
Now, to examine nonsupersymmetric vacua we assume that the F-terms are nonvanishing, and hence we plug (13) in (12) to obtain
Eq. (13), shows that we can diagonalize both M ij and S ij ; M ij = λ i δ ij and S ij = s i δ ij , so that (14) reduces to an eigenvalue problem
where,F
A nontrivial solution of (15), i.e., F i = 0, implies supersymmetry is broken, and this, in turn, requires the determinant of the coefficients vanish.
As in the case of the supersymmetric vacuum, here we can also look for a maximally symmetric minimum, where M ij and S ij are proportional to the identity matrix as in (8) . By setting the determinant of the coefficients in (15) to zero we obtain the following condition for a nonsupersymmetric vacuum
Using this in (13), we derive s
We can easily check that the above solution solve (12), and hence is an extremum of the potential which also breaks supersymmetry. The value of potential (11), on this solution becomes
where we have used (17) to write the last equality, and defined
3 Classical stability
In this section we discuss the stability of the nonsupersymmetric solution (17) and (18). We can expand around this solution and look at the mass of the small fluctuations, or equivalently, directly examine the bosonic mass matrix 
where,
Let now decompose the symmetric part of δM ij as follows
where δM k k is the trace part, and δM ij is the traceless part. Using this, (26) can be decomposed into two independent degrees of freedom
therefore,
Similarly, for δS kl δS rs we get
Next, consider quadratic fluctuations of δS kl δM rs
Finally, we compute the off-diagonal elements in (21), i.e., the coefficient of δM kl δM rs
We are now ready to write down the mass matrix (21). With the vacuum solution in (17) this matrix simplifies. For the traceless part it reads
where A, B, α and C are defined in (23), (29), (32), and (34), respectively. There is a similar matrix for the trace part with components A t , B t , α t and C t as defined in (27), (30), (33), and (35), respectively. Diagonalizing (36) yields the following eigenvalues
where e = ±1. For the trace part we have a similar pattern for the eigenvalues
To discuss the classical stability of (17), first note that we can easily identify a tachyonic mode in the trace part. From (27), (30), and (33) we see that
therefore k t can be written as
hence, since B t is positive definite, we get a negative mode for e = −1. Notice that for the mass matrix of fermions, C and C t are zero (see (56) in next section). And, in (40) if we set C t = 0, we get a massless mode which we identify with the Goldstino coming from the supersymmetry breaking on this solution. One way to get rid of the tachyonic mode in (40) is to go to the limit of vanishing C and C t . The first parentheses in (34) which include ξ andm terms comes from ∂W/∂M, and hence if we make it vanish supersymmetry is back. Instead, in (34), we consider the term that comes from the 3rd derivative of the superpotential, and take the limit η
where, on the right-hand side, we have included a factor of Λ for dimensions to match. In this limit, C and C t in (34) and (35) vanish. However, we note that combination (41) also appears on the right-hand side of (17), and therefore the nonsupersymmetric solution will runaway to infinity in this limit. To keep solution (17) in a finite distance in field space, we set N f = N c − 1, and let ǫ in (41) be
for L a large but finite number. By going to the limit N c → ∞, solution (17) becomes
The potential (19), on the other hand, in this limit reduces to
where we have included a factor of Λ 2 as M ij 's have mass dimension 2. The other components of the mass matrix also change when ǫ → 0 in (41). A and α reduce to
and satisfy,
so that eigenvalues (37) and (38) become
which are positive semi-definite. Note that there is a similar expression for the modes coming from the antisymmetric part of the quadratic fluctuations, so that, in sum, we get 2N 2 f real massless scalars. Here we get a factor of 2 as matrix (36) is 4 × 4, and hence the eigenvalues are doubly degenerate.
Let us now look at the symmetries of the model and see if some of the zero eigenvalues can be identified with Goldstone bosons. First note that before we go to the limit (41) there are no zero-modes. This is consistent with the fact that the nonsupersymmetric solution is proportional to the identity matrix, i.e., M ij = λδ ij , and it preserves the symmetry of the superpotential, i.e., whole superpotential, (3), will have this symmetry. The nonsupersymmetric vacuum, on the other hand, breaks the symmetry to SU(N) D (this is clear from (13) through which S and M are related), the diagonal subgroup of SU(N f ) 1 ×SU(N f ) 2 , leaving N 2 f − 1 Goldstone bosons. Moreover, on the nonsupersymmetric solution the nonperturbative superpotential approaches to zero, whereas the classical superpotential in (49) has an R-symmetry with R(M) = 2, and R(S) = 1. Therefore, in the limit (41), we get an approximate R-symmetry which is broken by the vacuum giving rise to one more Goldstone boson. In sum, N 2 f out of 2N 2 f massless eigenvalues are Goldstone bosons. The rest, we identify as the zero-modes of the pseudomoduli space of nonsupersymmetric vacuum. In the next section, we will see that these zero-modes are not lifted in the one-loop effective description.
Let us now look at the supersymmetric vacuum and see how it compares with the nonsupersymmetric vacuum, (43), in the limit. Suppose the second term in (9) is much smaller than the third term and we can ignore it. Setting N f = N c − 1, in the large N c limit we get
Now plugging this back into (9), we see that for this to be a solution we must have
so that the second term in (9) can be ignored. Therefore we observe that, by taking L ≫ 1, meta-stable solution (43) can be located in the weakly coupled region of the field space very far from supersymmetric solution (51). We can get an estimate on the life-time of the meta-stable vacuum by looking at the Coleman bounce action [9] 
where ∆M is the distance between the meta-stable and supersymmetric vacua and V meta is the meta-stable potential (44). In the large N c limit we saw that ∆M = (L − 1)Λ 2 ∼ LΛ 2 . However, to get a large S B (for the life-time, e S B , to be large) we must also make sure that
The bounce action thus scales as
which we took to be large. Hence, the meta-stable vacuum can be made long lived. Note that taking m ∼ Λ/ √ N c is consistent with the bound in (52).
One-loop quantum stability and zero-modes
The classical bosonic mass spectrum around the nonsupersymmetric vacuum and in the limit of (41) is identical with the fermionic mass spectrum. Note that the fermionic mass matrix is
However, in the limit of vanishing C t (and C), this is exactly the bosonic mass matrix we derived in (36). So, although the vacuum is nonsupersymmetric, the spectrum resembles that of a supersymmetric vacuum. An important consequence of this equality is that the one-loop Coleman-Weinberg effective potential [10]
for this solution vanishes. Therefore, the meta-stable vacuum remains a solution of the one-loop corrected effective potential. We can go further and work out the zero-mode directions around our maximally symmetric meta-stable vacuum. Consider the nonsupersymmetric solution M 0 and S 0 of (17) and (18), which satisfy
To find the zero mode equations, we make a small shift around these solutions
and demand that they satisfy (58). In the limit of (41), we arrive at the following equations for the zero modes:
where we have dropped the terms that become zero on the solution. Computing the derivatives, these equations further reduce to
In the limit 2ρ → η 2 /2γ, we see that the two equations are the same. Hence, one set of zero-modes, δS sr , are fixed in terms of the other set, δM sr . After all, we are left with 2N 2 f real zero-modes, the same number of zero mass bosons that we found in the previous section. We can also compute the mass matrix for the zero-modes. What we find is that the mass spectrum of zero-modes is exactly the spectrum we found for the solution M 0 and S 0 with vanishing C. Moreover, they will not depend on zero-modes δM and δS.
Usually, when there is a classical (pseudo)moduli space of nonsupersymmetric vacua, the mass spectrum depends on the moduli. Consequently, the one-loop quantum effective potential, (57), will also depend on the moduli, so that, at one-loop they are not moduli directions anymore. In our case, however, we see that the mass spectrum is independent of the moduli, and therefore moduli directions survive in the one-loop quantum description.
Conclusions
Dynamical supersymmetry breaking in meta-stable vacua have so far been extensively studied. These models, in particular, are to serve as the hidden sector of MSSM like theories where supersymmetry breaks first and then is mediated to the visible sector. In SQCD, for instance, interesting generic models for N c = N f and N c < N f < 3/2N c have been constructed that admit meta-stable vacua [4, 5, 6] . In this paper, we addressed the existence of such vacua for N f < N c .
We showed that supersymmetric QCD with N f < N c coupled to a singlet chiral superfield can have meta-stable long lived vacua. Although, the classical spectrum shows a tachyonic mode we noticed that it is possible to remove this mode by going to a particular limit in the parameter space of the model. Removing the tachyon, however, makes the spectrum supersymmetric, and therefore the Coleman-Weinberg effective potential vanishes, and in consequence 2N 2 f zero-modes are not lifted in the one-loop effective description. This is, in fact, what should happen for the Goldstone bosons, however, in this model it extends to the whole moduli space. We also noticed that as the tachyon is removed the nonsupersymmetric solution moves to infinity. To keep the solution in a finite distance in field space, N c was simultaneously sent to infinity. By this, we were able to have the solution in the weakly coupled region of field space and far from the supersymmetric vacuum. We examined the Coleman bounce action and showed that our meta-stable vacuum is indeed long lived.
